Background: Every year, 60 000 women in Germany are found to have breast cancer, and 9000 to have ovarian cancer. Familial clustering of carcinoma is seen in about 20% of cases.
Methods: We selectively review relevant articles published up to December 2010 that were retrieved by a search in PubMed, and we also discuss findings from the experience of the German Consortium for Hereditary Breast and Ovarian Cancer.
Results: High risk is conferred by the highly penetrant BRCA1 and BRCA2 genes as well as by other genes such as RAD51C. Genes for breast cancer that were originally designated as moderately penetrant display higher penetrance than previously thought in families with a hereditary predisposition. The role these genes play in DNA repair is thought to explain why tumors associated with them are sensitive to platin derivatives and PARP inhibitors. In carriers of BRCA1 and BRCA2, prophylactic bilateral mastectomy and adnexectomy significantly lowers the incidence of breast and ovarian cancer. Moreover, prophylactic adnexectomy also lowers the breast-and-ovarian-cancer-specific mortality, as well as the overall mortality. If a woman bearing a mutation develops cancer in one breast, her risk of developing cancer in the other breast depends on the particular gene that is mutated and on her age at the onset of disease.
Conclusion: About half of all monogenically determined carcinomas of the breast and ovary are due to a mutation in one or the other of the highly penetrant BRCA genes (BRCA1 and BRCA2). Women carrying a mutated gene have an 80% to 90% chance of developing breast cancer and a 20% to 50% chance of developing ovarian cancer. Other predisposing genes for breast and ovarian cancer have been identified. Clinicians should develop and implement evidence-based treatments on the basis of these new findings. ►Cite this as: Meindl A 
I
n Germany, breast cancer is the most common malignant disease in women and ovarian cancer the gynecological tumor with the highest mortality rate (e1) . There may be a hereditary cancer burden even if only two or more women, or one young woman, in a family develop the disease (Table 1) . Current work has shown that this may be caused by a monogenic or polygenic inheritance in which DNA repair genes are mutated (1) . As yet there are no differences between the treatments provided for sporadic and hereditary breast and ovarian cancer, although there are indications that targeted therapy is effective in women with BRCA1/BRCA2-associated tumors (2, 3) . Retrospective studies reveal a high level of sensitivity to platin derivatives in BRCA-associated tumors (4) , and initial clinical trials show good efficacy and tolerability for PARPs, or poly ADP (adenosine diphosphate)-ribose polymerase inhibitors, in mutation carriers with advanced breast and ovarian cancers (5, 6) . As PARPs are particularly effective on the tumor cells of mutation carriers, they might also potentially be used in chemoprevention. Thanks to multimodal screening, breast cancer in BRCA1/2 mutation carriers can be diagnosed at an early stage (7, e2) . The selection of optimum examination methods and intervals and their possible effects on mortality are the subjects of ongoing studies. As yet there is no efficient screening for ovarian cancer (e3) . However, the benefits of risk-reducing prophylactic surgery in mutation carriers have been confirmed (8) 
Genetic diagnostics
Monogenic inheritance of BRCA1 and BRCA2 mutations Hereditary breast and ovarian cancers are caused by an autosomal dominant inheritance with incomplete penetrance. Population-based studies put its penetrance for breast cancer at 45% to 65% (e4, e5) . In familybased research involving families with many cases of these diseases, however, these figures are higher (9) . This points to the effect of modifying factors and lifestyle. Sometimes there may be a genetic defect with no disease burden in the family's medical history. This is due to the low penetrance in male BRCA1/2 mutation carriers (around 5% for breast cancer), referred to as the gender effect.
The two genes most commonly mutated in hereditary breast and ovarian cancer are the tumor suppressor genes BRCA1 and BRCA2 (Figure 1 ). They are mutated in approximately 25% of hereditary breast cancers and 5% of all breast cancers. They are key genes in DNA repair and are passed on to 50% of descendants as mutated alleles in a monogenic inheritance. The probability of a BRCA1 or BRCA2 mutation depends on certain familial constellations, such as frequency of disease, age at onset of disease, and the organs affected (breast, ovary) ( Table 1) . Within the German Consortium, a 10% empirical probability (upper limit of confidence interval) of evidence of mutation is currently the inclusion criterion for genetic testing. This figure may change as a result of new, inexpensive testing methods such as massively parallel sequencing (1) and the increasing relevance of evidence of mutations to treatment. It should therefore be established in a transparent, traceable, standardized decision-making process (3, e6) .
As part of predictive BRCA diagnostics, i.e. analysis of mutations in healthy women who consult a doctor and whose families have demonstrated pathogenic BRCA1 or BRCA2 mutations, in 50% of these women the mutation can be ruled out and the individuals reassured. However, if a mutation is detected, various preventive measures can be offered, including participation in multimodal screening and prophylactic surgery. If no mutation is found in the family of someone who has developed the disease, predictive testing is not possible (non-informative gene test). In these cases, the statistical risk of the person who has consulted is calculated on the basis of her family's medical history. There is a high to moderate risk if there is a remaining lifetime risk of developing breast or ovarian cancer of at least 30% or a risk of an as yet unidentified mutation of at least 20%, calculated according to a validated risk calculation model (Cyrillic 2.1, www.cyrillicsoftware. com). Screening is also recommended for these women.
Monogenic inheritance in mutations of the gene RAD51C and as yet unidentified, highly penetrant genes The third highly penetrant gene for breast and ovarian cancer was successfully identified in the summer of 2010 (10) . The identified gene, RAD51C, is mutated in approximately 1.5% to 4% of all families predisposed towards breast and ovarian cancer, with high or moderate penetrance. Like BRCA1 and BRCA2, it plays a central role in DNA repair as a tumor suppressor gene ( Figure 2 ). This important cellular function is also reflected in its high level of evolutionary preservation (10) . Preliminary studies in other populations confirm that RAD51C is a predisposing gene (Trinidad Caldes, San Carlos Hospital, Madrid, Spain: personal communication). However, as it is seldom mutated and the data available on its penetrance are as yet insufficient, it is currently not offered as part of routine diagnostics. However, the German Consortium's centers do offer testing to appropriate families as part of a pro spective clinical validation study.
Moderately and mildly penetrant gene variants
Although a significant proportion of BRCA1/2-negative high-risk families are likely to have mutations in highly penetrant genes which have not yet been identified, the combined effect of moderately and mildly penetrant gene variants is probably responsible for the majority of carcinomas (11, e7) . This may be true of 50% of cases of hereditary breast cancer and 20% of all cases of breast cancer (Table 2) . By way of examples, ATM, CHEK2, BRIP1, and PALB2 have been identified as moderate-risk genes with low heterozygote frequency (11, e7) . Like the high-risk genes described above, they also play a role in DNA repair. Preliminary data from the population as a whole indicate that mutations in the gene CHEK2 increase the risk of breast cancer two-to three-fold (e8), and four-to five-fold when there is a familial burden (12) . This supports the hypothesis that the penetrance of CHEK2 mutations in high-risk families is modified by other genetic alterations and/or environmental factors: a multifactorial inheritance. In the German population, CHEK2 is mutated in around 4% of all cases of hereditary breast cancer; half of these are caused by a particular founder mutation (e9). The mutation frequency of PALB2, another DNA repair gene, has also been determined in families predisposed towards breast cancer. The prevalence of mutations in the populations of both Germany and England is approximately 1% (Hellebrand et al., Hum Mut, in print) (e10), indicating that the moderately penetrant genes which have yet to be identified are also rarely mutated. On the basis of the hypothesis of a multifactorial inheritance that includes synergy between several lowrisk variants, moderate gene mutations, and environmental factors, genome-wide correlation analysis was performed to identify new locations of risk genes (13, e11) . Several low-risk variants located within the intron, specifically DNA segments that do not code for proteins, or regulatory areas, were identified in the following genes: FGFR2, TNRC9, MAP3K1, LSP1 (2q35, 6q22.33, 8q24) (11, 13) . The risks inherent in these variants are very low, with relative risks (RRs) of approximately 1.1 to 1.3, but their heterozygote frequencies are high. Thus around 40% of the German population carries an FGFR2 risk allele, for example, leading to a relative risk of disease of only 1.2. Lowrisk variants of the genes FGFR2, TOX3, and LSP1 were also shown to have a greater effect in high-risk families than in sporadic cases. This points to a higher number of other risk factors in high-risk families, a multifactorial inheritance (e12, e13) . However, with no knowledge of other modifying or interacting factors the clinical benefit of obtaining evidence of such risk variants is slight. Testing is therefore not currently indicated.
Modulation of the risk of disease in BRCA1/2 mutation carriers Nevertheless, such low-risk variants can also affect the onset of breast or ovarian cancer in BRCA1 and BRCA2 mutation carriers. For example, a BRCA2 mutation carrier's actual age at onset of disease is affected by the low-risk variant of the gene FGFR2 (14) , and BRCA1 mutation carriers' disease risk is partly determined by a low-risk variant of the gene MERIT40 (e14). The first modifier that modulates the risk of ovarian cancer in BRCA1 and BRCA2 mutation carriers was also identified in this group (e15). Here again, further research is needed into the synergies which lead to clinically significant risk increases.
Clinical care
Clinical features of BRCA1/2-associated breast cancers Mutation carriers' age at onset of disease of is some 20 years below that of women with sporadic breast cancer, ranging from patients' teens to their seventies. BRCA1-associated breast cancers are similar to sporadic, triple-negative cancers (e16). Tumors proliferate aggressively, metastasize mainly in the three years following diagnosis, and show a weak correlation between tumor size, lymph node status, and survival (e17). The 10-year survival rates for BRCA1 and BRCA2 mutation carriers, however, are similar to those of women with sporadic breast cancer (e18).
Morphological features of BRCA1/2-associated breast cancers
BRCA1-associated breast cancers can be distinguished unambiguously from carcinomas of BRCA2 mutation carriers and age-adjusted controls with no hereditary risk, on the basis of their morphological, immunohistochemical, and molecular genetic features (15, e19, e20) . Such unambiguous differentiation is not possible for BRCA2 and non-BRCA1/2 breast cancers (15) .
High risk of secondary cancer
The risk of contralateral breast cancer depends on age at onset of disease and on which BRCA gene is affected. On the basis of 2020 patients from families with BRCA1/2 mutations, the German Consortium showed that the cumulative risk of disease for the healthy breast was 47.4% (95% confidence interval [CI]: 38.8% to 56.0%) (16) . Women from BRCA1-positive families have a risk of developing contralateral cancer 1.6 times higher than that of women from BRCA2-positive families. Young age at onset of disease is also associated with a higher risk of secondary disease (16) . Mutation carriers have no increased risk of ipsilateral recurrence following breastpreserving surgery and adjuvant radiotherapy (e21) . Limited data on just under 400 patients from BRCA1/2-negative high-risk families were unable to prove a substantial increase in the risk of contralateral breast cancer in comparison to patients with sporadic breast cancer (e22) . A comprehensive evaluation of the German Consortium's data is therefore currently in progress, with the aim of resolving once and for all the clinically important question of whether contralateral mastectomy should be indicated for BRCA1/2-negative high-risk patients.
Prophylactic surgery
Risk-reducing surgery available to mutation carriers includes prophylactic bilateral mastectomy (PBM), prophylactic contralateral mastectomy (PCM), and prophylactic bilateral salpingo-oophorectomy (PBSO) ( Table 3) . PBM reduces the risk of developing breast cancer by more than 95% and in consequence reduces breast cancer-specific mortality by 90% (17, e23, e24) . PBM should not be performed before the age of 25 (e6). As stated above, PCM must be preceded by risk calculation, reflecting the affected gene, age at onset of disease in patients with a history of unilateral cancer, and prognosis after onset of disease (16) . It is essential to discuss immediate heterologous and autologous reconstruction in consultations before surgery. PBSO reduces the risk of ovarian cancer by 97%. It also reduces the risk of breast cancer by 50% (18) and the risk of contralateral secondary cancer by 30% to 50% (e21) . A 75% decrease in overall mortality has also been demonstrated for PBSO (8, e24) . Laparoscopic PBSO is recommended at approximately 40 years of age and after family planning has been completed (e6) . Hormone replacement therapy is indicated up to the age of approximately 50.
Risks of associated carcinomas
Studies have indicated that in addition to an increased risk of breast and ovarian cancer, germline mutations in the BRCA genes also increase the overall risk of cancer (19, e25) .
BRCA2 mutations increase the risk of prostate cancer up to seven-fold in carriers under the age of 65; BRCA1 mutations increase the risk up to two-fold (19, e26) . A preliminary evaluation of the international prostate screening study IMPACT (Identification of Men With a Genetic Predisposition to ProstAte Cancer) is available. In the study, BRCA1/2 mutation carriers aged between 40 and 69 were offered annual PSA analysis and a prostate biopsy if their PSA value was higher than 3 ng/mL. The study shows a high positive predictive value (47.6%) for PSA screening and a significantly higher rate of detection of prostate cancer in mutation carriers than in men with no mutations (20) .
The methods and populations involved in studies of BRCA-associated colon cancer are very varied. In patients from families with BRCA mutations, some of whom were unaware of their mutation status, a risk increase of 2.5 to 4 (95% CI, 1.02 to 6.3 and 2.36 to 7.15) was described (e27) . No special screening measures are as yet indicated on the strength of these limited data.
Approximately 10% of pancreatic cancers are classified as hereditary (e28) . A study by the Breast Cancer Linkage Consortium (BCLC) yielded a figure of 2.26 for the relative risk (RR) of female BRCA1 mutation carriers and 3.55 for that of female BRCA2 mutation carriers (19) . The risk may also be significantly increased for mutations of the genes CHEK2 and PALB2, which like BRCA2 may be altered in families predisposed towards pancreatic cancer (e29, e30). Preliminary
TABLE 2
The effects of breast cancer genes on risk
Risk genes

Highly penetrant genes
Moderately penetrant genes
Mildly penetrant genes studies show a good response by BRCA2-deficient pancreatic cancer cells to PARP inhibitors (e31) , and synergy between gemcitabine and PARP inhibitors against BRCA2-associated pancreatic cancers in an animal model (21) .
Salpingo-oophorectomy is particularly recommended for BRCA1/2 mutation carriers, because the risks of disease concern not only the ovaries but also the fallopian tubes (e32).
Structured screening
Because of patients' young age at onset of disease, screening must begin before the age at which screening mammograms are recommended for the female population as a whole (from 50 onwards). The higher density of the breast tissue of young women from high-risk families, the specific tumor morphology, and the high tumor proliferation rate in the high-risk population must also be taken into account when selecting examination methods and intervals in the multimodal screening program at the Consortium's centers (e33) (Box). Multimodal screening should include an MRI of the breast, as this is the most sensitive examination method, annually between the ages of 25 and 55 (22, 23, e34, e35) . Knowledge of specific benign tumor morphology in imaging procedures (e36) can increase sensitivity, especially that of annual mammograms from the age of 30 onwards and twice-yearly ultrasound scans of the breasts (e37). Ongoing studies aim to investigate the effect of early diagnosis on mortality and quality of life.
Platin sensitivity of BRCA-associated carcinomas Several preclinical trials indicate resistance of BRCAincompetent cells to spindle poisons such as vinca alkaloids and taxanes (24, e38) and increased sensitivity of BRCA-associated carcinomas to DNA-intercalators such as platin derivatives (4) . On the strength of low remission rates, a prospective randomized trial in England is currently in its recruitment phase and will assess the efficacy of carboplatin versus docetaxel in first-or second-line therapy for metastatic breast cancer in BRCA1 or BRCA2 mutation carriers (BRCA trial UK homepage: http://www.breakthroughresearch.org.uk/ clinical_trials/the_brca_trial.html).
PARP inhibitors and BRCA tumors
Research on BRCA-deficient cell lines heralded the beginning of the clinical use of a previously little-known group of substances, PARP inhibitors ( Figure 3) (2, e39) . The proof of principle for this theory, which was developed on the basis of in vitro tests, has already been performed in two similarly-designed Phase II trials (3, 5, 6) . The efficacy of monotherapy using the PARP inhibitor AZD2281 for breast and ovarian cancer patients with pathogenic BRCA mutation who had already received multiple prior treatments was demonstrated, with a response rate of approximately 40% over an average of six months. This makes PARP inhibitors by far the most promising targeted substances since the introduction of trastuzumab for HER2/neu-overexpressing breast cancer. Another international Phase II trial of the PARP inhibitor AZD2281 began in October 2010 (led by Prof. Schmutzler, Cologne). To date, molecular genetic analysis of the breast cancer genes BRCA1 and BRCA2 is the best predictive parameter for response to PARP inhibitor treatment (25) .
FIGURE 3
Damage to single strand and double strand of DNA with repair by proteins PARP1 and BRCA: a single-strand defect is repaired by PARP1. If PARP1 is inhibited, a persistent single-strand defect results in a doublestrand break at the replication fork the next time the cell divides. The double-strand break is repaired by BRCA. In BRCA-incompetent tumor cells, however, the defect cannot be compensated for by double-strand repair and leads to apoptosis (from: Helleday et al.: Cell Cycle 2005; 4: 1776-8) .
KEY MESSAGES
• Approximately 5% to 10% of all breast cancers are monogenic in origin.
• If there is a familial burden, consultation should take place in a specialized, interdisciplinary center, of which 12 exist in Germany.
• If BRCA1 or BRCA2 is mutated, there is a breast cancer risk of up to 85% and an ovarian cancer risk of up to 50%.
• Intensive risk-adjusted screening is indicated if there is evidence of a mutation or a high-risk constellation (heterozygote risk >20% or lifetime risk >30%).
• Risk can be reduced by prophylactic surgery. In the future drug-based prophylaxis may be possible.
